Introduction 71
The ability to suppress actions that can lead to harmful consequences is critical for 72 survival. For example, animals, including humans, stop consummatory behavior when 73 encountering food or liquid with an unpleasant taste, which indicates the existence of a 74 potentially poisonous substance. Animals are also capable of learning to use 75 environmental cues (such as an odor, color, location or context) to predict unpleasant 76
properties (such as a bitter taste, toxicity) of a substance, and subsequently using these 77 predictive cues to guide avoidance of the substance during foraging. While food 78 approaching and reward seeking behaviors are extensively studied (Balleine, 2005 (Balleine, , 2011 ; 79 Kelley, 2004) , the neural circuit mechanisms that underlie innate and learned suppression 80 of actions that may lead to food poisoning, or aversive consequences in general, are 81 poorly understood. To test this hypothesis, we used anatomical, electrophysiological, and circuit based 126 manipulation approaches. We found that an excitatory monosynaptic connection exists 127 between the posterior division of the IC and the CeL in mice, and that activation of the 128 IC-CeL pathway excites specific subtypes of neurons within the CeL. Notably, selective 129 inhibition of CeL-projecting IC neurons specifically impairs the conditioned inhibitory 130 response to a cue predicting an aversive tastant. Furthermore, activation of the IC-CeL 131 circuit with optogenetics produces a powerful suppression of ongoing licking behavior in 132 thirsty mice, induces avoidance behavior, and is sufficient to instruct conditioned lick 133 suppression. These results reveal an important role of the IC-CeL circuit in the 134 establishment of anticipatory behavioral inhibition, in particular the inhibition of 135 consummatory behavior in response to cues predicting an unpleasant taste. 136
137

Materials and Methods 138
Animals 139
Before surgery, mice were group-housed under a 12-h light-dark cycle (7 a.m. to 7 p.m. 
Histology 168
Animals were deeply anesthetized and transcardially perfused with PBS, followed by 169 perfusion with 4% paraformaldehyde (PFA) in PBS. Brains were dissected out and 170 postfixed in 4% PFA at 4°C for three hours followed by cryoprotection in a PBS-buffered 171 sucrose (30%) solution until brains were saturated (~36 h). 50 µm coronal brain sections 172 were cut on a freezing microtome (SM 2010R, Leica). Brain sections were first washed in 173 PBS (3 x 5 min) at room temperature (RT) and then were blocked in 3% normal goat 174 serum (NGS) in PBST (0.3% Triton X-100) for 30 min at RT, followed by incubation 175 with primary antibodies overnight at 4 °C. Sections were then washed with PBS (4 x 15 176 min) and incubated with fluorescent secondary antibodies at RT for 2 hours. After 177 washing with PBS (4 x 15 min), sections were mounted onto glass slides with 178
Fluoromount-G (Beckman Coulter). Images were taken using a LSM 780 laser-scanning 179 confocal microscope (Carl Zeiss). 180
181
Electrophysiology 182
For electrophysiological experiments, mice were anesthetized with isoflurane, 183 decapitated and their brains quickly removed and chilled in ice-cold dissection buffer 184 (110.0 mM choline chloride, 25.0 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 2.5 mM KCl, 0.5 185 mM CaCl 2 , 7.0 mM MgCl 2 , 25.0 mM glucose, 11.6 mM ascorbic acid and 3.1mM 186 pyruvic acid, gassed with 95% O 2 and 5% CO 2 ). Coronal slices (300 µm) containing the 187 amygdala complex were cut in dissection buffer using a HM650 Vibrating-blade 188
Microtome (Thermo Fisher Scientific). Slices were immediately transferred to a storage 189 chamber containing artificial cerebrospinal fluid (ACSF) (118 mM NaCl, 2.5 mM KCl, 190 26.2 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 20 mM glucose, 2 mM MgCl 2 and 2 mM CaCl 2 , at 191 34 °C, pH 7.4, gassed with 95% O 2 and 5% CO 2 ). After 40 min recovery time, slices 192 were transferred to RT (20-24°C) and perfused with ACSF constantly. Na 2 -ATP, 0.4 mM Na 3 GTP, 10 mM Na-phosphocreatine and 0.6 mM EGTA (pH 7.2). 213
To assess presynaptic function, a paired-pulse stimulation protocol (50 ms inter-stimulus 214 interval) was used to evoke double-EPSCs, and paired-pulse ratio (PPR) was quantified 215 as the ratio of the peak amplitude of the second EPSC to that of the first EPSC. 216
217
Monosynaptic tracing with pseudotyped rabies virus 218
Retrograde tracing of monosynaptic inputs onto genetically-defined cell populations of 219 CeL was performed and described in our previous study (Penzo et al., 2015) , and the data 220 presented here were generated from the same study but were not published previously. which was used to hold the mouse in the head fixation frame during behavior 256
experiments. 257 258
Behavioral tasks 259
Licking Behavior 260
Water deprivation started 23 hours before training. Mice were trained in the head fixation 261 frame for 10 minutes daily. A metal spout was placed in front of the animal's mouth for 262 water delivery. The spout also served as part of a custom "lickometer" circuit, which 263 registered a lick event each time a mouse completed the circuit by licking the spout while 264 standing on a metal floor. The lick events were recorded by a computer through custom 265 software written in LabView (National Instruments). Each lick triggered a single opening 266 of a water valve calibrated to deliver 0.3 µl water. 267
268
It took mice 4-7 days to achieve stable licking, the criterion for which was 10-minute 269 continuous licking with no interval between licking longer than 10 seconds. We used a 270 lick suppression index to quantify animals' degree of photostimulation-evoked 271
where L PRE is the number of licks in the 5 s period before CS onset, and L CS is the 273 number of licks in the 5 s CS period (Yu et al., 2016) . 274
275
Go/no-go task 276
Water deprivation started 23 hours before training, and mice were habituated to the head 277 fixation frame for 20 minutes on the first day of training with access to water through the 278 metal spout. On following days, animals underwent 2 training sessions each day, one in 279 the morning and the other in the afternoon. The 2 sessions were at least 4 hours apart, 280 with each consisting of 100 trials. For the subsequent 3-6 sessions, mice were exposed 281 only to the "go" cue (a 1-s, 5-kHz pure tone) followed by the delivery of 4.5 µl of water. 282
After mice successfully retrieved water on at least 80% of the trials, they moved to the 283 next training phase, in which they were required to lick the spout at least 1 time during 284 the go cue in order for the water to be released. This phase took an additional 3-6 sessions 285 until the animals reached the criteria of 80% correct responses. Following this phase, 286 animals received 1 training session consisting of the go cue paired with the delivery of 287 sucrose solution (100 mM) instead of water. 288
289
The next phase consisted of 10 sessions of go/no-go training. During this phase, 50 290 presentations of the go cue were delivered randomly intermixed with 50 presentations of 291 the "no-go" cue (a 1-s white noise), with the constraint that either cue could not appear 292 more than 5 times in a row, and that the first trial was always a go cue. Licking the spout 293 during the no-go cue resulted in the delivery of quinine solution (4.5 µl, 5 mM). The mice 294 were required to lick at least once the spout during the 1 s window of cue presentation in 295 order to receive the US. During all phases of the experiment, brief suction (500 ms in 296 duration) near the spout was applied 3.5 s after tone onset to remove any residual solution 297 from the previous trial. 298
299
For analysis, trials were sorted into go trials and no-go trials. A correct response during a 300 go trial ("hit") occurred when the mouse successfully licked the spout during the go cue 301 and subsequently received sucrose. A correct response during a no-go trial ("correct 302 reject") occurred when the mouse successfully omitted the lick response during the no-go 303 cue and thus avoided quinine. The overall performance over the entire session was 304 calculated as the total correct responses divided by the total trials: overall performance = 305 (hits + correct rejects) / (total trials). 306
307
For the optogenetics experiments we used a modified version of this go/no-go task, in 308 which licking during the go cue led to water delivery (4.5 µl), whereas licking during the 309 no-go cue resulted in water delivery (4.5 µl) accompanied by laser stimulation. The laser 310 was delivered coincidentally with water delivery (50 ms after CS offset) at 20-or 30-Hz 311 for 2.5 seconds (the duration that the water would be available if the animal licked during 312 the no-go cue presentation). Suction was applied to remove any unconsumed water. 
Statistics and data presentation 337
All data are presented as mean ± s.e.m. All statistics are indicated where used. Data were 338 analyzed with GraphPad Prism. Behavioral tests were performed by an investigator with 339 knowledge of the identity of the experimental groups. All behavior experiments were 340 controlled by computer systems, and data were collected and analyzed in an automated 341 and unbiased way. Virus-injected animals in which the injection or optical fiber 342 implantation was misplaced were excluded. 343 344
Results
345
To investigate the function of the IC-CeL circuit, we began by characterizing how IC 346 neurons innervate the major CeL cell types. We first used a modified rabies virus system 347 to trace the monosynaptic inputs onto CeL neurons (Callaway and Luo, 2015; Penzo et 348 al., 2015). This approach revealed a monosynaptic projection from the IC to the CeL 349 (Fig. 1A, B) . In particular, IC neurons innervate both of the two major populations of the 350 CeL, the SOM + neurons and PKC-δ + neurons (Fig. 1A, B) . Notably, the IC was the only 351 cortical region identified by this approach to send monosynaptic projections to the CeL. 352
The CeL-projecting IC neurons were preferentially localized in the posterior part of the 353 IC, which overlaps at least partially with the GC (Fig. 1B) . (Fig. 1C) . We found that CTB 359 reliably labeled CeL-projecting IC neurons (Fig. 1D) , with a distribution pattern similar 360 to that of CeL-projecting IC neurons labeled by the rabies virus (Fig. 1B) . CTB also 361 labeled a prominent population of BLA-projecting IC neurons, the vast majority of which 362 has a distribution pattern distinct from that of CeL-projecting IC neurons (Fig. 1D) . This 363 result demonstrates that CeL-projecting neurons and BLA-projecting neurons in the IC 364 are largely non-overlapping populations. (Fig. 1E) . This 372 strategy led to the labeling of IC neurons that sent dense axonal fibers to the CeL (Fig.  373   1F) . Sparse labeling of axon fibers in the BLA can also be detected (Fig. 1F) , which (Fig. 2B) . Notably, the AMPA receptor-mediated component of synaptic 391 transmission onto SOM + neurons was significantly greater than that onto SOM -neurons 392 (Fig. 2B-C) . The NMDA receptor-mediated synaptic transmission onto these two 393 neuronal populations was not different. In a subset of these pairs, we also examined 394 paired-pulse ratio (PPR; see Methods) and found no significant difference between the 395 two cell types (Fig. 2C) . These results indicate that IC inputs can activate both SOM hypothesis, we set out to inhibit the CeL-projecting IC neurons in mice and subsequently 405 trained these mice in a go/no-go task that engages the IC. We first injected the CeL with 406 the CAV2-Cre (Fig. 3A) , and then injected the IC in the same mice with an AAV 407 expressing the tetanus toxin light chain (TeLC), which blocks neurotransmitter release 408 (Murray et al., 2011 ), or GFP (as a control) in a Cre-dependent manner (AAV-DIO-409
TeLC-GFP or AAV-DIO-GFP, respectively) (Fig. 3A) . As described above (Fig. 1E, F) , 410 this strategy led to selective targeting of the IC-CeL circuit (Fig. 3B, C) . 411
412
Four to five weeks following viral injections, we began training these mice in the go/no-413 go task (see Methods), in which an auditory stimulus (go cue) predicts the delivery of a 414 palatable liquid (sucrose), while a different auditory stimulus (no-go cue) predicts the 415 delivery of an unpleasant liquid (quinine) (Fig. 3D) . Mice need to learn to produce an 416 instrumental response (lick) during the go cue to receive sucrose, and inhibit that 417 response during the no-go cue to avoid quinine (Fig. 4A ). Learning in this task has 418 previously been shown to be paralleled by the development of cue-specific responses in 419 IC neurons (Gardner and Fontanini, 2014) . 420
421
We found that bilateral inhibition of synaptic transmission from CeL-projecting IC 422 neurons with TeLC markedly affected animals' behavior in the no-go trials, but left that 423 in the go trials of this task largely unaffected (Fig. 4A, B) . Specifically, in the go trials, 424 mice in both the GFP group and the TeLC group showed stimulus-evoked licking (Fig.  425   4A ), leading to similar performance (Fig. 4B) ; although closer inspection of these 426 animals' behavioral patterns revealed that the TeLC mice did not allocate their licking to 427 the CS and US period as much as the GFP control mice, especially on the final training 428 session (Fig. 4A,B) . By contrast, in the no-go trials, while the GFP mice gradually 429 learned to withhold licking in response to the no-go cue, and thus successfully avoid 430 quinine in most of the trials towards the end of the training sessions (Fig. 4A, B) , the 431 TeLC mice showed no sign of learning and thus were markedly impaired in performance 432 even at the end of the training sessions (Fig. 4A, B) . The overall performance of the GFP 433 mice also showed a learning effect, evidenced by a gradual increase in performance over 434 the first 8 training sessions followed by asymptotic performance (Fig. 4B) . On the other 435 hand, the animals expressing TeLC showed no such improvement with continued training 436 (Fig. 4B) . 437
438
The impairment in behavioral inhibition observed during the no-go trials (or decrease in 439 the "correct reject") in the TeLC mice could be caused by a general increase in 440 responding. If so, then the performance of these mice in the go trials (measured as the 441 percentage of trials in which the mice made a response; or the "hit" rate) would also 442 increase. However we observed no such increase; in fact, the TeLC group showed a mild 443 decrease in hit rate, in particular in late sessions (Fig. 4B) . The TeLC mice also showed a 444 reduced lick rate in response to the go cue, and had lick rate similar to that of the GFP 445 mice following the delivery of sucrose (Fig. 4A, C, D) , further arguing against a general 446 increase in responding in these mice. In contrast, these mice showed an increased lick 447 rate specifically to the no-go cue and during the inter-trial interval (ITI) (Fig. 4A, C, E) , 448 consistent with the notion that they were impaired in action suppression. We noticed that 449 the TeLC mice had a tendency to show increased lick rate following quinine delivery 450 compared with the GFP mice (Fig. 4D) , suggesting that inhibiting the IC-CeL pathway 451 may partially impair the processing of aversive taste information during this task. 452
Alternatively, or additionally, the observations that the TeLC mice showed impaired 453 performance (although mild) and reduced lick rate during the go cue (Fig. 4B,C) , as well 454 as impaired performance and increased lick rate during the no-go cue and quinine 455 delivery (Fig. 4B-D . 458
459
We also tested a subset of these animals on their sensitivity to increasing concentrations 460 of quinine during a free-licking session (10 minute). Similar to the GFP control group, 461 the TeLC group showed decreased average licking rate during this period (reflecting a 462 reduction in the total volume consumed) with increasing concentrations of quinine (Fig.  463   4F ). This result is consistent with previous findings that lesions of the GC in rats do not 464 affect the amount of either quinine or sucrose solutions consumed at varying 465 concentrations (Hashimoto and Spector, 2014) , and indicates that inhibition of CeL-466 projecting IC neurons does not abolish animals' basic ability to process quinine's sensory 467 and aversive properties, at least when there is little cognitive demand. Together, these 468 results indicate that the IC-CeL pathway is required for establishing the learned, 469 anticipatory behavioral inhibition to avoid an aversive tastant. 470
471
Our results suggest that the CeL-projecting IC neurons preferentially regulate the no-go 472 response, consistent with the critical role of the CeL in processing aversive information 473 and in the learning and expression of avoidance behaviors. We therefore tested whether 474 activation of the IC-CeL pathway is sufficient to drive aversive responses as well as 475 instruct learning of an avoidance behavior. For this purpose we delivered the ChR2 or 476 GFP (as a control) specifically into CeL-projecting IC neurons bilaterally, using the 477 retrograde and intersectional strategy based on the CAV2-Cre as described above (Fig.  478 5A), and subsequently bilaterally implanted optical fibers over the CeL (Fig. 5B, C) . 479
480
Four to five weeks following surgery, these mice were water deprived and trained to 481 achieve stable licking to a water spout, during which we delivered pulses of blue light 482 into the CeL. Photostimulation in the CeL in which the axon terminals originating from 483 the IC expressed ChR2 elicited robust suppression of licking, an effect that was 484 dependent on the frequency of stimulation (Fig. 5D, E) . Furthermore, such optogenetic 485 activation of the IC-CeL pathway induced place aversion in a real time place aversion 486 (RTPA) task (Fig. 5F ). By contrast, photostimulation in the CeL in which IC axons 487 expressed GFP induced neither lick suppression nor place aversion (Fig. 5D-F) . These 488 results suggest that activation of the IC-CeL circuit is aversive, and is sufficient to induce 489 action suppression and avoidance responses. 490
491
To test whether activation of the IC-CeL circuit can be substituted for an aversive tastant 492 to instruct avoidance learning, similar to learning of the no-go response in the go/no-go 493 task, we trained the same mice as those used in Fig. 5 in a modified go/no-go task, in 494 which licking during one cue led to water delivery alone (the "laser-off" trials), whereas 495 licking during another cue resulted in water delivery coinciding with bilateral 496 photostimulation in the CeL (the "laser-on" trials) ( Fig. 6A ; also see Methods). We found 497 that the mice in which the IC-CeL pathway expressed ChR2 -and thus could be activated 498 by the photostimulation -showed reduced responding to the cue in the laser-on trials 499 compared with in the laser-off trials (Fig. 6B, C) . By contrast, the mice in which the IC-500 CeL pathway expressed GFP showed similar cue-evoked responding in the laser-on or 501 laser-off trials (Fig. 6B, C) . We also verified that the photostimulation did not cause 502 obvious motor effects in either the ChR2 mice or the GFP mice in an open field setting 503 (Fig. 6D) . 504
505
Of note, although optogenetic activation of the IC-CeL pathway was less effective than 506 quinine reinforcement, we observed a pattern of responding in these mice qualitatively 507 similar to that of the control animals trained on the standard sucrose/quinine go/no-go 508 task (Fig. 4B) , in which the mice showed low levels of responding to the no-go cue and 509 high levels of responding to the go cue. Together, these results indicate that activation of 510 the IC-CeL pathway is sufficient to instruct the learning of anticipatory action 511 suppression. This mechanism is likely engaged when learning to avoid an aversive 512 outcome, such as an unpleasant tastant. 513
514
Discussion 515
In this study we examined the role of the IC-CeL circuit in the establishment of 516 behavioral inhibition for avoiding an unpleasant tastant. Using retrograde anatomic 517 tracing approaches, including the modified rabies virus-assisted tracing, together with 518
ChR2-based circuit mapping, we found that the GC region of the IC sends direct 519 excitatory projections to the CeL, which make monosynaptic connections with both the 520 TeLC (Fig. 4F) , suggesting that the ability for bitter tastant identification and that for 542 processing the basic reinforcing properties of bitter tastants are preserved in these mice, 543 at least when cognitive demand is low. of feeding (Cai et al., 2014) . As both of these CeL populations receive direct excitatory 565 inputs from the IC (Fig. 1) , they may contribute to distinct aspects of the IC-CeL circuit 566 function described in the current study. An intriguing possibility is that the SOM showed a mild reduction in performance compared to GFP animals (two-way repeated 623 measures (RM) ANOVA revealed a significant interaction, but no main effects: main 624 effect of session, F(9,126) = 1.4; P = 0.2; main effect of virus treatment, F(1,14) = 2.4; P 625 = 0.1; interaction, F(9,126) = 2.8; P < 0.01; *P < 0.01, Post hoc Sidak's multiple 626 comparisons test). For the no-go trials, the TeLC animals showed a marked reduction in 627 performance compared to GFP animals (two-way RM ANOVA revealed a main effect of 628 session (F(9,126) = 2.84; P = 0.005), a main effect of virus treatment (F(1,14) = 17.56; P 629 < 0.001), and a significant interaction (F(9,126) = 4.8; P < 0.001); *P < 0.05, Post hoc 630
Sidak's multiple comparisons test). For the overall performance, the TeLC animals 631 showed a reduction in performance compared to GFP animals (two-way RM ANOVA 632 revealed a main effect of session (F(9,126) = 2.41; P = 0.01), a main effect of virus 633 treatment (F(1,14) = 24.28; P < 0.01), and a significant interaction (F(9,126) = 9.8; P < 634 0.01). *P < 0.01, Post hoc Sidak's multiple comparisons test). (C) TeLC animals showed 635 a mild reduction in licking in response to the go cue (two-way RM ANOVA revealed a 636 significant interaction, but no main effects (main effect of session, F(9,126) = 1.9; P = 637 0.06; main effect of virus treatment, F(1,14) = 4.1; P = 0.06; interaction, F(9,126) = 3.5; 638 P < 0.001; *P < 0.05, Post hoc Sidak's multiple comparisons test). TeLC animals showed 639 an increase in licking in response to the no-go cue (two-way RM ANOVA revealed a 640 main effect of session (F(9,126) = 3.76; P < 0.001), a main effect of virus treatment 641 (F(1,14) = 15.8; P = 0.001), and a significant interaction (F(9,126) = 4.45; P < 0.001; *P 642 
